This paper presents an investigation of the torque losses in a hydraulic motor of radial piston type commonly used in industrial hydrostatic transmissions. When the speed of the hydraulic motor is decreased an increase of the torque loss can be measured. In order to investigate the reason for this increase a combination of experimental and theoretical studies are performed with special focus on two sliding contacts-the distributor valve and the piston-cam roller contact . The theoretical analysis of the contacts reveals that the distributor valve contribute more to torque and power losses compared to the piston-cam roller contacts and largely to the external leakage of the motor. At low speeds the pistoncam roller contact will enter the mixed lubrication regime.
INTRODUCTION
Models are used in studying the static and dynamic behaviour of physical systems and are of central importance in e.g. control engineering and in optimisation techniques. According to [1] there are two approaches in deriving a specific model. The first approach is to base the models on prior generalized experience expressed by physical laws. The second approach is to develop empirical models based on the use of experimental identification.
Several different steady state loss models for hydraulic pumps and motors have been developed and can be found in the literature. Some of there models are modelled using the physical nature of the losses [2] , [3] and [4] , others could be described as semi-empirical [5] , [6] , [7] , and [8] while still others are more or less empirical, e.g. [9] and [10] .
When optimising a hydraulic machine with regard to efficiency an accurate model of the physical behaviour governing flow and torque losses is needed. The coefficient models derived from the physical behaviour of the losses provide a helpful tool for a qualitative understanding of the phenomena governing losses in hydraulic machines. However, for optimisation purposes it is necessary to go one step further and investigate the individual loss sources in the component. This is especially true under operating Fluid Power.
Fifth JFPS International Symposium (C)2002  JFPS . ISBN4-931070-05-3 conditions where mixed-or boundary lubrication is likely to occur. There have been models developed to consider effects of mixed lubrication, e.g. [11] and [12] . These models use an average Reynolds equation in terms of pressure and shear flow factors to include the effect of surface texture on partial hydrodynamic lubrication. Under certain operating conditions it is believed that a change in lubrication regime is reached in some of the contacts inside the radial piston hydraulic motor studied in this paper. The aim of this paper is to study two of the contacts inside the motor and investigate their influence on the torque and power losses. Also it will be investigated if and when a change in lubrication regime can be expected.
TORQUE LOSSES IN THE HYDRAULIC MOTOR
The radial piston motor of cam-lobe design has an even number of pistons that operates in sequences of working pressure and charge pressure in a reciprocating motion. The piston is operated via a cam roller in contact with the curved track cam ring, which is fixed to the motor casing. The casing is stationary, which means that the cylinder block and piston assembly are rotating. In motor mode, the piston assembly moves radially outwards under working pressure and inwards during idling. In Figure 1 a crosssection of the motor is shown. The torque losses are mainly caused by different types of friction and the required torque for impulse changes of the fluid flowing through the motor. Under steady-state conditions the hydro mechanical losses are mainly believed to occur in the following areas:
In order to evaluate the total sum of torque losses in the motor experimental tests were performed. In Figure  2 a simplified schematic drawing of the equipment is shown where also the position of the sensors can be viewed. The test circuit conforms to ISO 4409 accuracy class B. The test equipment consists of two separate hydraulic circuits where two identical hydraulic motors are mounted on the same shaft. The displacement of the motors is approx. 2.10-3 m3/rad. The hydraulic motor under investigation (1) works in motor mode in a closed loop system where the low pressure is set to approx. 2 MPa. The other motor (2) is working in pump mode towards a pressure relief valve in order to accomplish the load torque. By adjusting the setting of the relief valve, the braking torque can be changed. In Figure 3 the torque losses as a function of differential pressure is shown for different speeds. The torque losses increase with both speed and pressure. The Reynolds numbers in the operating conditions under study is low indicating that laminar flow would prevail in the motor internal channels. However, the relationship between the length/diameter of the channels and the corresponding Reynolds number indicates that fully developed laminar flow will not occur, i.e. the length of the channels are much shorter than the transition length. This implies that both viscous and inertia forces will affect the pressure drop and the friction factor will be larger than for pure laminar flow. Nevertheless, by regarding the flow as fully developed laminar flow according to the HagenPoiseuille law and calculating with loss coefficients based on data values from [13] the difference in torque loss between 7-13 rpm and 13-19 rpm respectively can to most extent be assigned to pressure drop due to fluid At 1 and 3 rpm the torque losses are larger than at 7 rpm at a differential pressure of approx. 10 MPa, even though the pressure drop due to fluid flows is substantially lower. The torque losses at these two lower speeds also show a larger pressure dependency and a smaller viscosity dependency than at higher speeds. Referring to the Stribeck-curve one can suspect that a change in lubrication regime is reached in some of the tribological contacts inside the motor. Two tribological contacts where this might happen are between the valve plates in the distributor valve and in the contact between piston and cam roller. As there seem to be few references dealing with the performance of these contacts they will be studied more closely in the following.
SIMULATION OF DISTRIBUTOR VALVE
The distributor valve provides the distribution of oil to the piston bores. This valve consists of two valve 
SIMULATION OF PISTON-CAM ROLLER CONTACT
Each piston (1) is, via a hydrostatic cradle, pressed against a cam roller (2), which is rotating on the cam ring (3), see Figure 6 . The figure shows the piston movement during the stroke in driving mode (working pressure at outward movement). This contact is hydrostatic balanced, but approximately 7 percent of the pressure applied on the upper side of the piston has to be taken care of by hydrodynamic bearing action. The hydrostatic balance is accomplished by allowing pressurised fluid to pass through the piston to the sealing lands of the cradle. At start of the motor this contact is pressed together and separation of the surfaces occur when the cam roller starts rotating and a hydrodynamic film begins to develop. The diameter of the cam roller is 85 mm and the width of the cradle is 90 mm (see also Figure 1 ). The same FEM package has been used to analyse the hydrodynamic part of the contact between the piston and the cam roller. The contact have been modelled and simulated as a journal slider bearing. The Reynolds boundary conditions are used. The calculation flow chart is shown in Figure 5 using the external load as input data. The outputs from the simulations when convergence criteria are reached are pressure and flow distribution, film thickness, reaction force/moment and power loss in the contact. Also here the geometry of the model differ somewhat to the actual contact in order to simplify the model but the area of the bearing load carrying surface has remained unaltered. The minimum value of film thickness for this bearing with regard to full film lubrication and surface roughness [15] is estimated to 5 pm. The numbers of pistons in this motor are eight and under running conditions four of the pistons are supplied by high pressure and the other four pistons with low pressure due to retraining oil flow. The retraining pressure was 2 MPa in these simulations.
RESULTS
In Figure 7 the minimum film thickness of the pistoncam roller contact is shown at three different motor speeds and at different high-pressure levels. The result shows that the film thickness decrease under the full fi lm level of 5 "Xm at a speed of 1 rpm and a load of 10
MPa. Figure  8 show 
DISCUSSION
The simulations show it is likely that a change in lubrication regime occurs in the piston-cam roller contact at rather low working pressures when the speed is decreased. However, as the software is limited to full fi lm lubrication simulation it is difficult to estimate the size of the torque losses in mixed and boundary lubrication regimes. These losses could be estimated by using an approach similar to [11] and [ 12] .
As long as full film lubrication is present the torque losses from the two studied contacts is small and thus do not explain the measured increase in torque loss when the speed is reduced from 7 to 3 rpm. This implies that other sliding contacts should be studied from the aspect of mixed friction. A contact that probably has a strong impact in this respect is the piston-cylinder contact.
The variation and size of the calculated leakage flow from the two studied contacts with regard to the operating parameters show good resemblance to the measured external leakage flow. Thus, the external leakage in the hydraulic motor appears to the largest extent arise from the distributor valve where the leakage is dependent upon the clearance between the valve plates. In the simulation this valve plate clearance has been assumed constant, independent upon working pressure. The resemblance with measured leakage flow indicates that the gap height in the distributor valve is likely to be rather constant under varying operating conditions and that the leakage in the third source of external leakage (between piston and piston bore) is small.
The friction between piston and cylinder bore has not been taken into account when determining the load on the piston-cam roller contact. The load in the real motor will thus be somewhat lower than the load assumed in the calculations.
The estimated film thickness in full film lubrication is based upon the values of the designed surface roughness. 
